infarct size -a major determinant of mortality. Accurate control of infarct size is critically important for the establishment of a useful animal model. This study determined the anatomical course of the left anterior descending coronary artery (LAD) by direct visualization in order to locate precisely the position of ligation. MI was induced by conventional methods (control group) or using a detailed anatomical knowledge of the LAD (experimental group). Triphenyltetrazolium chloride (TTC) staining was performed to compare infarct size, and electrocardiogram (ECG) changes were observed. The rate of MI induction was significantly higher in the experimental group than in the control group (89.5% vs 65.6%) and the size of infarction was more consistent in the experimental group. Direct visualization of the rat LAD allowed accurate identification of the ligation site, thereby controlling infarct size and improving the success rate of the rat model.
Introduction
Ligation of the coronary artery is a relatively simple, economical and well established method of inducing myocardial infarction (MI). The evolution, repair and management of MI have been widely studied in the rat; 1 -3 however, this model produces wide variation in the size of infarct. 4, 5 Studies in mice have found the size of infarct to vary between 8% and 65%; 4 widely variable results such as these have little statistical significance and limited value. Infarct size is a major determinant of left ventricular remodelling and mortality 6 and must be carefully controlled in order for the model to be accurate. Survival, cardiac remodelling, and haemodynamic dysfunction are often proportional to infarct size. 7, 8 Infarct size and the consequences of coronary occlusion are highly dependent on the location of the occluding suture, 4 but it is difficult to determine the course of the left anterior descending coronary artery and the ideal ligation position. 9 The coronary arteries of rats are not readily visible to the naked eye, necessitating the use of anatomical methods to determine the course of coronary vessels.
The aim of the present study was to determine whether direct visualization of the anterior descending coronary artery could improve the success rate of the rat MI model
INDUCTION OF MI
Anatomical studies of rat coronary arteries Rats were euthanized with 40 mg/kg urethane intraperitoneally prior to opening the thorax. The heart was excised, rinsed in normal saline, then immersed in saline and attached to white cardboard with four needles. The left anterior descending coronary artery was visualized via stereomicroscopy and dissected from its origin to the apical level using Dumont ® 55 Inox tweezers (World Precision Instruments, Sarasota, FL, USA), until its full extent was revealed ( Fig. 1) . Study of the anatomy of the coronary vessels enabled the operator to locate the left anterior descending coronary artery in vivo and facilitated accurate suture placement.
Induction of MI in the experimental group
Rats were anaesthetized with 0.1 ml/kg of a mixture of xylazine (0.67 mg/kg) and ketamine (0.33 mg/kg) intraperitoneally. Orotracheal intubation was performed with an 18-gauge scalp vein needle tube (cut edge) and mechanical ventilation was performed at 90 breaths/min with a tidal volume of 1.5 ml/100 g (Harvard Volume Controlled Ventilator Model 683; Harvard Apparatus, Holliston, MA, USA). Rectal temperature was maintained at 37 -38°C by placing the animal on a heating pad. The chest was opened by incision parallel to the ribs at the fifth intercostal space and the ribs were spread to expose the heart. The pericardium was opened with sharp forceps and 5/0 polypropylene was used to ligate the left anterior descending coronary artery 2.0 -3.0 mm below the anterior-inferior edge of FIGURE 1: Anatomical course of the left anterior descending coronary artery (arrow) in the rat heart Y Hou, C Huang, X Cai et al. Improvements in a rat myocardial infarction model the left atrium, along a line connecting the insertion of the left auricular appendage with the apex of the heart. The lungs were reinflated, the thoracic wall was closed and the rat was extubated when spontaneous breathing occurred.
Induction of MI in the control group
The surgical induction of MI in control animals was carried out according to a procedure described in detail elsewhere. 9,11 -14 Rats were intubated with positive-pressure ventilation under the same anaesthesia as the experimental group. A 1/0 silk ligature was placed loosely through the skin and underlying muscle in a modified purse-string suture in order to facilitate rapid closure of the chest wall. The heart was exposed through a fifth intracostal left lateral thoracotomy and the pericardium was opened. The procedure for opening of the rat chest was same in the control group and the experimental group. The left anterior descending coronary artery was ligated with a 5/0 silk suture 1.0 -2.0 mm from the left auricle, slightly diverged from the cross of the left auricle and right conus branch.
ECG RECORDING
In vivo small animal electrocardiogram (ECG) was performed as described elsewhere. 15 -18 The rats were monitored in the supine position with standard limb leads and RM6240 multichannel physiological signal acquisition (Chengdu Instrument Factory, Chengdu, China) during surgery and in the first postoperative week. Three electrodes were attached to the paws to obtain a simultaneous tracing to determine whether surgical ligation of the left anterior descending coronary artery had produced the characteristic ECG abnormalities consistent with transmural myocardial ischaemia.
ECHOCARDIOGRAPHY
Occurrence of MI was identified by echocardiography on postoperative day 7, according to a previously described protocol, 19 -21 using a GE Vivid 7 Dimension ultrasound system (Providian Medical Equipment, Willowick, OH, USA) with a 10 MHz transducer at a depth of 3 cm. Animals were anaesthetized, as described in the surgical procedure, prior to image acquisition. M-mode apical view and parasternal short-axis images were obtained and computerized for later review by two independent cardiologists.
IDENTIFICATION AND CALCULATION OF MI SIZE
The size of the MI was determined by triphenyltetrazolium chloride (TTC) staining. 12, 18, 20, 21 Rats were euthanized, as described in the anatomical studies, and 1 ml of 1% Evans blue dye was injected into the coronary circulation via the ascending aorta. After 10 min, the atria were separated and the blood in the ventricular chambers was removed. The heart was excised, frozen and sliced transversely into three pieces from the corresponding basal to apex plane. The slices were incubated in 0.5% TTC in 1 × Dulbecco's phosphate-buffered saline (PBS), pH 7.4, for 30 min at 37°C. After staining, specimens were fixed in 4% neutral buffered formalin, pH 5.5, for 1 h at 25°C and then scanned with a high resolution scanner (Caplio R7; Richo, Tokyo, Japan). The unstained area was regarded as infarcted myocardium. Infarction size was determined planimetrically, using ImageJ 1.41 software (National Institutes of Health, Bethesda, MD, USA), and was expressed as the ratio of the unstained area to the total left ventricular myocardial area: they were classified as small (≤ 19.9%), medium (20% -40%) or large (> 40%), as described elsewhere. 17 -19 Y Hou, C Huang, X Cai et al. Improvements in a rat myocardial infarction model
STATISTICAL ANALYSES
Statistical analyses were performed with SPSS ® statistical package, version 15.3 (SPSS Inc., Chicago, IL, USA) for Windows ® . The independent sample Student's t-test was used to compare quantitative data and the χ 2 -test was used to analyse differences in proportions. A P-value < 0.05 was considered to be statistically significant.
Results
The study utilized 414 female Sprague-Dawley rats with a weight range of 230 -385 g: 228 rats in the experimental group (16 deaths in the 4-week observation period [7.0%]) and 186 rats in the control group (45 deaths in the 4-week observation period [24.2%] ). The mortality rate was significantly higher in the control group than in the experimental group (P < 0.01). Three animals in total were used in the anatomical studies.
Myocardial changes visible immediately after ligation included pallor of the myocardium followed abruptly by cyanosis, dilatation and paralysis of the affected portion of the ventricle (Fig. 2) . Compared with the ECG trace from a normal rat that had not undergone ligation of the left anterior descending coronary artery (Fig.  3A) , the ECG manifestations of transmural MI included diminished R-wave amplitude and marked ST segment elevation (Fig. 3B ).
In the experimental group, 204 (89.5%) rats exhibited a strikingly pathological, infarction-typical ECG pattern during and after surgery compared with 122 (65.6%) rats in the control group; this difference was statistically significant (P < 0.01). Examination of surviving rats 1 week postsurgery led to the exclusion of eight (3.5%) rats from the experimental group and 19 (10.2%) from the control group on the basis that they had no evidence of MI on ECG (Fig. 3C) or gross pathological examination. The echocardiography manifestations of MI including hypokinesis, akinesis and dyskinesis (Fig. 4A, 4B ).
There was no significant difference in the size of infarct, as determined by TTC staining, between the experimental and control groups (mean ± SD 39.2 ± 4.9% and 36.5 ± 13.4%, respectively). Size of infarct, however, was more consistent in the experimental group than in the control group as shown by there being a significantly higher proportion of rats with medium-sized infarctions (20% -40%) in the experimental group than the control group (168/204 rats [82.3%] and 75/122 rats [61.5%], respectively; P < 0.01). A typical example of MI revealed by TTC staining is shown in Fig. 5 .
Discussion
An ideal animal model of MI has several requirements. First, the pathological process must be in line with clinical MI. Secondly, the size of the ischaemic lesion should be FIGURE 3: Electrocardiogram (ECG) changes in rats: (A) surface ECG from a normal rat that had not undergone ligation of the left anterior descending coronary artery; (B) typical ECG pattern produced during the ligation procedure, indicating myocardial infarction -diminished R-wave amplitude and marked ST segment elevation; (C) ECG pattern 1 week after surgery, indicating arrhythmia but no marked ST-segment elevation, as occurred in eight (3.5%) rats from the experimental group and 19 (10.2%) from the control group, leading to their exclusion from the study on the basis that this showed no evidence of myocardial infarction A B C Improvements in a rat myocardial infarction model relatively constant. Finally, the procedure must be simple and reproducible. Several MI induction protocols have been described, including coronary artery ligation, injection of drugs such as isoproterenol, percutaneous transluminal coronary artery thrombosis and the local injection of formalin. 20 -23 Of these protocols, coronary artery occlusion produces results similar to clinical MI in terms of pathophysiology, biochemistry, infarct size and haemodynamic changes. 24, 25 Open-chest coronary artery ligation is commonly used as a rat MI model; however, there are difficulties in identifying the course of the left anterior descending coronary artery and in determining the location for ligation, often resulting in failure of the model. 5 A previously described model for MI involves rapid opening of the chest, squeezing of the heart and ligation of the coronary artery under autonomous respiration. 26 This method has a very high rate of surgery-related mortality, due to haemodynamic complications and arrhythmia, however, the high mortality rate is vastly improved by the use of a small animal respirator. 9, 27 Adequate techniques for intubation and mechanical ventilation are critical to ensure effective outcomes in cardiothoracic surgical research using rodents. 28 The present study applied endotracheal intubation and a small animal respirator in order to ensure sufficient time to open the chest and ligate the coronary artery.
Left coronary artery ligation may not always lead to MI, and the size of any resulting infarct can vary widely. 5 Identification of the exact anatomical position of the coronary artery and subsequent accurate determination of ligation position are critical for the establishment of a successful model. 4 Rat FIGURE 4: Echocardiography performed after induction of myocardial infarction by ligation of the left anterior descending coronary artery in rats showed segmental wall motion abnormalities, including hypokinesis, akinesis and dyskinesis: (A) twodimensional echocardiography from the parasternal short axis; (B) M-mode echocardiography of papillary muscle (LV, left ventricle) -the transducer was located overlying the chest of the rat and the supine or left decubitus position was used to produce an optimal short-axis view of the left ventricle at the mid-papillary muscle level (arrows indicate the location of posterior papillary muscle) A B Improvements in a rat myocardial infarction model coronary arteries are buried in heart muscle beneath the epicardium 9 and are not readily visible to the naked eye, making identification difficult. The only visible coronary vessels in rats are the left main coronary artery and the initial section of the left anterior descending coronary artery; 9 the course of the left coronary vein also does not follow the left anterior descending coronary artery. 26 Ligation of the left anterior descending coronary artery close to the left coronary vein is difficult to achieve. 26 Previous studies have shown that ligation of the initial section of the left anterior descending coronary artery results in large infarctions, with increased mortality. 4 Ligation close to the cardiac apex lowers the mortality rate but results in smaller infarctions, reducing the success rate of the model. 4 The location of ligation is inadequately described in many studies, 4, 9, 11, 12, 26, 29, 30 and the intrinsic variability of the model must be minimized in order to discern possible treatment effects.
The anatomies of the main coronary and left anterior descending coronary arteries were thoroughly evaluated in the present study in order to allow appropriate ligature placement. Study of their anatomies determined that the connection between the intersection of the pulmonary conus and the right border of the left auricle and cardiac apex could be taken as a marker of the course of the left anterior descending coronary artery in rats. The ligature was placed along this line, 2 -3 mm distal to the anterior-inferior edge of the left auricle. After ligation, the anterior wall of the left ventricle below the ligature became pale and cyanotic. Myocardial contractility of the left ventricle decreased and ECG ST-segments gradually elevated, indicating successful induction of MI. The rate of MI induction was significantly higher when using this protocol than for the control group where ligation was performed without preoperative identification of the left anterior descending coronary artery. A proportion (10.2%) of control group animals had ischaemic ECG changes immediately after surgery, but recovered after 1 week. This suggested that ischaemic myocardial injury, rather than MI, caused the ST-segment elevation, decreasing the success rate of the control protocol. Left anterior descending coronary artery occlusion performed after identification of the site and course of the left main coronary artery and left anterior descending coronary artery increased the success rate and reproducibility of the rat MI model.
Echocardiography of animals in the present study showed that the movement of cardiac muscles was weakened in the area of the infarction, local abnormal movement occurred, the ventricular wall became thinner and the left ventricle expanded. MI was defined by echocardiography as any segmental wall motion abnormality such as hypokinesis, akinesis and dyskinesis. 21 Staining with TTC is a standard method for determining infarct size. The number of rats with medium-sized infarctions in the present study was significantly higher in the experimental group than in the control group. The experimental protocol, therefore, produced infarctions of more uniform size in a manner that was relatively easily controlled.
In conclusion, the present study identified a critical role for anatomically confirming the position of occluding suture placement in a rat model of MI. The mortality rate of control animals in the present study was similar to that reported by other authors, 11, 21 but was significantly lower in the experimental group. The experimental protocol significantly increased the rate of MI induction. Direct visualization of the anterior descending coronary artery, therefore, enables accurate identification of the ligation site, thereby controlling the size of MI, and improving the success rate of the rat model.
